We identified ␣-smooth muscle actin (␣-SMA)-and vimentin-expressing spindle-shaped esophageal mesenchymal cells in the adult and neonate murine esophageal lamina propria. We hypothesized that these esophageal mesenchymal cells express and secrete signaling and inflammatory mediators in response to injury. We established primary cultures of esophageal mesenchymal cells using mechanical and enzymatic digestion. We demonstrate that these primary cultures are nonhematopoietic, nonendothelial, stromal cells with myofibroblast-like features. These cells increase secretion of IL-6 in response to treatment with acidified media and IL-1␤. They also increase bone morphogenetic protein (Bmp)-4 secretion in response to sonic hedgehog. The location of these cells and their biological functions demonstrate their potential role in regulating esophageal epithelial responses to injury and repair. myofibroblast; bone morphogenetic protein-4; interleukin-6; interleukin-1␤
myofibroblast; bone morphogenetic protein-4; interleukin-6; interleukin-1␤ THE MUCOSAL COMPLICATIONS of gastroesophageal reflux range from ulcerations and strictures, to Barrett's esophagus (BE) and adenocarcinoma (4, 18, 23) . Gastric acid, pepsins, and bile acids are among the primary injurious components of gastroesophageal refluxate (13, 15) . Esophageal mucosal injury is thought to be at least partially mediated by loss of epithelial integrity in response to these injurious luminal agents and the subsequent infiltration of immune cells and nonspecific release of inflammatory mediators (9, 18) . Cytokines elaborated by epithelial keratinocytes also contribute to the inflammatory process (9) . Once the defensive barrier of the esophageal squamous epithelium is breached, it is postulated that the underlying lamina propria is exposed and that stromal cells are directly exposed to injurious luminal agents (7) . In addition to inflammatory cytokines, the reactivation of developmental pathways [e.g., bone morphogenetic protein (Bmp) and Hedgehog pathways] has also been implicated in the pathogenesis of esophagitis and BE (14, 26) . Ultimately, however, the cellular and molecular mechanisms underlying esophageal mucosal injury and in particular the contribution of stromal cells to the process remain incompletely understood (10, 19) .
Mesenchymal cells such as the myofibroblast are wellcharacterized in the intestine, and their participation in tissue injury, inflammation, and repair has been described extensively (24) . We have previously demonstrated that modulation of colonic myofibroblast secretion of soluble mediators of inflammation and injury may result in protection from colitis and colitis-associated cancer (21) . Based on these findings, we hypothesized that mesenchymal/stromal cells with morphological and functional similarities to intestinal myofibroblasts may be present in the esophageal mucosa and that they may participate in the esophageal mucosal response to injury. In the setting of a breach of the squamous epithelium, these cells are potential responders to agents typically first encountered by the squamous epithelium (e.g., acid) as well to mediators elaborated by stimulated squamous epithelium [e.g., IL-1␤ (18) , sonic hedgehog (SHH, see Ref. 26 )] or surrounding immune cells. We hypothesized that these stromal cells contribute to the production of cytokines and signaling mediators implicated in the pathogenesis of esophagitis.
We examined whole murine esophagus and identified spindle-shaped stromal cells scattered throughout the lamina propria subjacent to the squamous epithelium. We demonstrate that a subset of these cells coexpress the proteins ␣-smooth muscle actin (␣-SMA) and vimentin. To further define the role of these cells, we isolated them using methods previously established for our colonic myofibroblasts (21) . Characterization of primary cultures of these cells demonstrates ␣-SMA and vimentin coexpression and absence of expression of hematopoietic and endothelial markers. Evaluation of stimulated cells demonstrates IL-6 and Bmp-4 secretion. These findings suggest that esophageal stromal cells are participants in the esophageal mucosal response to injury.
MATERIALS AND METHODS
Animals. C57Bl/6J mice were housed in a 12:12-h light-dark cycle with free access to food and water. Mice were fed a standard rodent chow diet (PicoLab 20; Purina). All animal experimentation was approved by the Animal Studies Committee of Washington University School of Medicine.
Histology. Esophagi were removed in total from 10-day-old (neonate) and 4-to 6-mo-old C57Bl/6J male mice and processed for histology.
Immunohistochemistry. ␣-SMA was detected using a polyclonal rabbit anti-␣-SMA (1:100 dilution, ab5694; Abcam). Antigen retrieval for ␣-SMA was performed with Diva Decloaker reagent (BIOCARE) on formalin-fixed, paraffin-embedded tissues. Antigenantibody complexes were detected with biotinylated goat anti-rabbit IgG for SMA, streptavidin-horseradish peroxidase (1:1,600 dilution; Jackson Laboratories), and diaminobenzidine.
Immunofluorescence of paraffin-embedded sections. Immunofluorescence costaining for ␣-SMA and vimentin was also performed on paraffin-embedded sections of murine esophagus. Slides were deparaffinized and rehydrated. Antigen retrieval was done with Diva Decloaker (Biocare) in a pressure cooker (18 psi for 3 min at 99°F). Polyclonal rabbit ␣-SMA and polyclonal goat vimentin were applied at a cocktail overnight at 4°C. An anti-rabbit TritC 1:200 (Jackson labs) and anti-goat FitC 1:200 (Jackson Labs) cocktail were applied for 1 h at room temperature. Mounting media containing DAPI were used (Vector) .
Generation of primary cultures of esophageal stromal cells. Esophageal stromal cell primary cultures were established from wild-type 8-to 12-day-old C57BL/6 mice via modification of the procedure previously established and described (21) for colonic myofibroblast isolation. The entire esophagus was placed in Hanks' balanced salt solution (HBSS; Invitrogen), washed briefly, transferred into fresh HBSS, and minced into 2-to 3-mm pieces. Tissue was washed eight times with HBSS by vigorous shaking, allowing for fragments of esophagus to sediment out. Tissue was then incubated with 300 U/ml collagenase XI (Sigma-Aldrich) and 0.1 mg/ml dispase (GIBCO, Invitrogen) for 25 min at room temperature with gentle shaking. After 25 min, tissue was further minced and then centrifuged at low speed (200 g) for 10 min. Supernatant was discarded. The pellet, consisting of a mixed cell suspension, was transferred to a 1.7-ml tube and washed five times in DMEM (GIBCO, Invitrogen) with 2% sorbitol (Sigma-Aldrich) to eliminate nonviable cells and debris. Cells were seeded in six-well plates and cultured in DMEM with 10% FBS (U.S. Biotechnologies), 10 mg/ml insulin (Sigma-Aldrich), 10 g/ml transferrin (Roche), 10 g/ml gentamicin (Calbiochem EMD Chemicals), and 2 ng/ml epidermal growth factor (Sigma-Aldrich). The media described above were used in our previous studies with colonic myofibroblasts and are therefore called myofibroblast media. Once wells were 80% confluent, adherent cells were passaged to T25 flasks using 0.05% trypsin in 0.53 mM EDTA (Cellgro, Mediatech). In our experience with colonic myofibroblasts, epithelial cells do not survive under these culture or passage conditions. Morphology was examined with an inverted microscope to ensure spindle-shaped morphology. Cells used for characterization and in the studies described below were between passages 5 and 15.
Immunocytochemistry. Primary cultures of esophageal stromal cells were grown on chamber slides (Nalge Nunc International) and fixed in cold methanol for 5 min, then stored in cold PBS at Ϫ20°C. After incubation in blocking solution containing 5% BSA and 3% milk in Tris buffer (20 mM Tris·HCl; 150 mM NaCl, pH 7.4; and 0.05% Tween 30) for 60 min, slides were incubated with primary antibody diluted in blocking solution at 4°C overnight. To confirm the stromal cell phenotype, rabbit polyclonal antibodies to ␣-SMA (ab5694, 1:200 dilution; Abcam), desmin (D8281, 1:100 dilution; Sigma-Aldrich), cytokeratin 18 (1:100 dilution; Millipore), and vimentin (V4630, 1:100 dilution; Sigma-Aldrich) were used. Secondary antibody labeled with fluorescein diluted in blocking solution was applied for 1 h at room temperature. Cells were mounted in Vectashield Mounting Medium with DAPI and examined under a fluorescence microscope (Axioshop 2; Carl Zeiss Jena).
Flow cytometric analysis. Spleens were removed from mice and disrupted by mechanical dissociation. Single cell suspensions of spleen and primary cultures of esophageal stromal cells were used for flow cytometric analysis. Antibodies used for analysis were antimouse anti-␣-SMA antibody (Abcam), anti-mouse CD-45 (clone 30.F11; eBioscience), and appropriate isotype controls. Data acquisition was performed as previously described (25) on a FACScan cytometer (BD Biosciences) retrofitted with a second laser using CellQuest (BD Biosciences) and Rainbow (Cytek) software. A Macintosh G4 computer running FlowJo software (Tree Star) was used to perform data analysis. Forward and side light scatter and staining with 7-amino-actinomycin (eBioscience, San Diego, CA) were used to exclude dead cells and to distinguish live cellular populations. Gates for positive staining were defined such that 1% of the analyzed population stained positive with the appropriate isotype control antibodies.
RT-PCR: RNA analysis by qRT-PCR. qRT-PCR was performed as described previously (19) for ␣-SMA, vimentin, desmin, cytokeratin, von Willebrand factor (vWF), Bmp-4, Bmp-2, cyclooxygenase-2 (Cox-2), KC (murine homolog of IL-8), and IL-6. SuperScript II Reverse Transcriptase (Invitrogen) was used for synthesis of cDNA. Real-time RT-PCR analysis using SYBR green PCR Master Mix (Applied Biosystems) was performed in an ABI Prism 7700 sequence detection system (Applied Biosystems). All primers were obtained from Integrated DNA Technologies. Primer sequences are listed in Table 1 .
Treatment of esophageal stromal cells with acidified media. Stromal cells were seeded at the same density in six-well plates (100,000/ well) and grown to 85% confluence. Cultured stromal cells were incubated with myofibroblast media acidified to pH 4 by addition of 0.1 N HCl (11) for 3, 10, 30, and 60 min, and RNA expression of inflammatory cytokines was assessed after 3, 6, and 24 h. Based on these experiments, it was determined that cells responded maximally after 30 and 60 min of treatment. Cell viability after acid treatment was assessed by aspirating the media and counting cells shed into the medium. After treatment with acidic media for 30 and 60 min, cells remained adherent to culture dishes at 3, 6, and 24 h. Cells treated with acidified media for 30 and 60 min, along with their untreated controls, were also evaluated for cell death by Trypan blue exclusion after 3, 6, and 24 h in culture. The average percentage of dead cells in untreated cells after 3 h in culture was 2.1 vs. 5.0% after treatment with acidified media for 30 and 60 min (P Ͻ 0.05). The percentage of observed dead cells was not significantly different in untreated and treated cells after 6 and 24 h in culture. After treatment with acidified media, cells were washed with PBS, and fresh media were added. Cells were cultured for an additional 3, 6, and 24 h in serum-free media, and supernatants were collected for IL-6 and Bmp-4 measure- Table 1 ment. Each time point had a serum-free nonacidified myofibroblast media control on the same plate. Supernatant was collected for enzyme-linked immunosorbent assay (ELISA) after 3, 6, and 24 h. Cells were harvested for RNA and qRT-PCR for IL-6, IL-8, and Cox-2 and for protein using parallel cultures. Acidified media induced secretion of IL-6, and Bmp-4 was determined with ELISA. qRT-PCR data were expressed as fold induction relative to untreated samples.
Treatment of esophageal stromal cells with IL-␤.
Esophageal stromal cells plated as described above were treated with 100, 5,000, and 10,000 U/ml IL-␤ (R&D) in serum-free myofibroblast media for 24 h. Media were collected for evaluation of IL-6 and Bmp-4 by ELISA.
Treatment of esophageal stromal cell primary cultures with SHH. Stromal cells were seeded in 12-well plates (100,000 cells/well) and grown to 70% confluence. Cultured stromal cells were incubated with recombinant mouse SHH NH 2-terminus (1.5 g/ml; R&D) diluted in serum-free media for 24 h. SHH-containing media was replaced with fresh media, and conditioned media were collected at 24 and 48 h to evaluate for Bmp-4 with ELISA (Bmp-4 duoset; R&D).
Statistics. Data comparing groups are presented as means Ϯ SE, and significance was analyzed by two-tailed Student's t-test (Microsoft Excel; Microsoft). P values Յ0.05 were considered significant.
RESULTS
Spindle-shaped stromal cells in the lamina propria of the adult and neonate murine esophagus express ␣-SMA and vimentin. Hematoxylin and eosin staining of adult and neonatal esophageal sections revealed a stratified squamous epithelium with a heterogeneous cellular lamina propria. A discontinuous muscularis mucosa was also evident. Occasional spindleshaped lamina propria cells distinct from the muscularis mucosa ( Fig. 1, A and B) were evident. The morphology and location of these cells suggested they were myofibroblast-like cells and were of interest to us. To further characterize this population of cells, we performed immunohistochemical staining for the myofibroblast markers ␣-SMA and vimentin. A few of the spindle-shaped cells in the adult and neonate esophageal lamina propria expressed ␣-SMA (Fig. 2, A and B) . Vimentin is an intermediate filament protein that is expressed by fibroblasts but absent in muscularis mucosa (1) . To further distinguish these cells from smooth muscle cells of the muscularis mucosa, we performed immunofluorescence costaining for ␣-SMA and vimentin on paraffin-embedded sections. A few scattered ␣-SMA-positive (Fig. 3A ) and vimentin-positive ( Fig. 3B ) cells were observed in the lamina propria. These cells coexpressed these myofibroblast markers and were distinct from the muscularis mucosa (Fig. 3, C and D) .
Primary cultures of esophageal stromal cells demonstrate myofibroblast morphology and express myofibroblast markers. Based on our experience with the colonic myofibroblast (21), we hypothesized that the ␣-SMA-and vimentin-expressing cells we detected in the esophageal lamina propria could be isolated, grown in primary culture, and further studied. We therefore used a technique previously established for colonic myofibroblast isolation (21) to isolate esophageal stromal cells. Examination of cells immediately after the isolation procedure and plating demonstrated a mixed cell suspension aggregate isolated from the whole esophagus (Fig. 4A) . Examination with an inverted microscope within 24 h after plating demonstrated formation of organoid-type structures loosely attached to the plate bottom with sprouting spindle-shaped cells (Fig. 4B) . These sprouting cells did not have the cuboidal appearance of epithelial cells. Five to seven days after initial plating and after Representative sections (ϫ200 magnification) demonstrate keratinized stratified squamous epithelium (Sq epi) overlying a heterogeneous cellular lamina propria (Lp). The lamina propria is adjacent to a discontinuous muscularis mucosa (Mm). Spindle-shaped cells of interest (white arrows) distinct from the muscularis mucosa are present in the lamina propria. The submucosa and muscularis propria are labeled for orientation. ␣-SMA immune staining was performed on longitudinal sections of adult (A) and neonate (B) esophagus (ϫ200 magnification). ␣-SMA expression is observed most strongly in the muscularis mucosa and in scattered lamina propria cells (white arrows), distinct from the muscularis mucosa. ␣-SMA is also detected to a lesser extent in the muscularis propria. Sections of esophagus were incubated with rabbit anti-␣-SMA antibody (1:100 dilution).
passage to a larger flask, examination with an inverted microscope revealed cells with spindle-shaped morphology similar to previously described colonic myofibroblasts (Fig. 4C ). Cells nearing 80% confluence retained adherence to the plate bottom and maintained spindle-shaped morphology at passages 5-15 ( Fig. 4D) . We next evaluated protein expression of myofibroblast markers (␣-SMA, vimentin) in esophageal stromal cells harvested at passages 5-15. ␣-SMA and vimentin were coexpressed in these cells (Fig. 5) . Protein isolation from harvested cells and immunoblot also demonstrated ␣-SMA expression (data not shown). We observed abundant ␣-SMA and vimentin mRNA and absence of cytokeratin mRNA expression (Fig. 6A) . Desmin mRNA and protein expression were minimal (Fig. 6, A  and B) . These spindle-shaped esophageal stromal cells in primary culture had the protein expression pattern of cells traditionally termed myofibroblasts (16) . To evaluate for the presence of endothelial cells in our primary cultures, we assessed expression of the endothelial marker vWF. vWF mRNA was also undetectable (positive control was RNA isolated from whole intestine; data not shown). Flow cytometric analysis performed on cells harvested from primary cultures between passage 5 and 15 demonstrated lack of expression of the hematopoietic marker CD45. The majority of cells in the culture expressed abundant ␣-SMA (Fig. 7) . Overall, these findings suggested our primary cultures consisted predominantly of nonhematopoietic, nonendothelial cells of a myofibroblast/fibroblast nature.
Esophageal stromal cells express and secrete IL-6 in response to acid and IL-1␤. Increased expression and secretion of the inflammatory cytokine IL-6 has been reported in BE (3) and in Barrett's cell lines (28) . In addition, elevated protein levels of IL-8 have been reported in reflux esophagitis (8) . We were interested, therefore, in the behavior of these esophageal stromal cells in response to acid, one of the known mediators of esophageal injury (23) . Pilot studies indicated that treatment with acidified media pH 4 [chosen based on published literature (26)] for 3 or 10 min resulted in minimal to no increase in inflammatory mediators, whereas 30 and 60 min exposure to acidified media maximized IL-6 mRNA expression. Cells appeared normal and remained adherent to tissue culture plates following acid exposure at 3, 6, and 24 h. At 3 h, there was a 3% increase in cell death as assessed by the Trypan blue exclusion method. However, at 6 and 24 h, the percentage of dead cells observed in untreated and acid-treated cells was similar (see MATERIALS AND METHODS; Fig. 8 ). These findings suggested that the duration of treatment and acidity of the media, while sufficient to induce an inflammatory response, increase at 6 h, and a twofold increase at 24 h (Fig. 9A) . Stromal cells treated for 30 min had a fourfold increase in Cox-2 mRNA at 3 h that dissipated by 6 h. Esophageal stromal cells demonstrated a more profound increase in Cox-2 mRNA after 60 min of treatment. An 11-fold increase in Cox-2 mRNA was detectable at 3 h and a 6-fold increase at 6 h. The increase in Cox-2 mRNA did not persist at 24 h with either 30 or 60 min of treatment (Fig. 9B) . Stromal cells treated with acidified media also had an increase in IL-6 mRNA expression (Fig. 10A ). There was a fivefold increase in IL-6 mRNA at 3 h and a sixfold increase at 6 h in response to 30 min of treatment with acidified media. At 24 h, IL-6 mRNA expression in cells treated for 30 min had returned to baseline. The increase in IL-6 mRNA expression in response to treatment with acidified media for 60 min was more profound. There was a 47-fold increase in IL-6 mRNA at 3 h and 48-fold increase at 6 h. At 24 h, there was a persistent 13-fold increase in IL-6 mRNA. Compared with KC and Cox-2, the increase in IL-6 mRNA expression was more substantial.
We next examined whether the increase in IL-6 mRNA was reflected by an increase in IL-6 secretion. We observed a low level of constitutive IL-6 secretion (9 pg/ml, the lower limits of detection by ELISA). We observed a small but significant increase in stromal IL-6 secretion at 24 h in response to treatment with acidified media for 30 min (14 pg/ml of IL-6 vs. 9 pg/ml, P Ͻ 0.05). In response to 60 min of treatment, we detected an earlier increase in IL-6 secretion at 6 and 24 h (14 and 29 pg/ml at 6 and 24 h, respectively, vs. 9 pg/ml, P Ͻ 0.05) (Fig. 10B) .
IL-1␤ is a proinflammatory cyotokine that has also been consistently implicated in the pathogenesis of gastroesophageal reflux disease (GERD) esophagitis, in humans and in animal models (9, 18) . We were interested, therefore, in whether esophageal myofibroblasts secreted IL-6 in response to IL-␤. Esophageal stromal cells were incubated for 24 h in serum-free media with or without IL-1␤ (100, 5,000, and 10,000 U/ml). In response to 100, 5,000, and 10,000 U/ml IL-␤, esophageal stromal cells secreted 80, 142, and 62 pg/ml IL-6, respectively (P Ͻ 0.05 compared with control) (Fig. 11) .
Esophageal stromal cells do not increase Bmp-4 secretion in response to acid or IL-1␤.
BMPs are multifunctional proteins that are members of the transforming growth factor family-␤ family (14) . Bmp inhibitor expression is critical to murine esophageal embryonic development (20) , and stromal expression of Bmp-4 has been implicated in the pathogenesis of reflux esophagitis and BE (14) . We were interested in whether our primary cultured stromal cells represented a source of secreted Bmp-4 in response to injury with acid or stimulation with IL-1␤.
We began by evaluating Bmp-4 mRNA and protein expression in our primary cultures. Expression of BMP-4 (4-to 200-fold) and BMP-2 (2-to 50-fold) mRNA was variable across primary stromal cell cultures established from different mice. In all examined cultures, however, BMP-4 mRNA expression was greater than BMP-2 (4-to 11-fold, P Ͻ 0.05) (Fig. 12A) . As expected, based on mRNA expression of Bmp-4, Bmp-4 protein was readily and consistently detected by ELISA in cell lysates isolated from multiple primary cultures of esophageal stromal cells (Fig. 12B) . Evaluation of Bmp-4 secretion in conditioned media demonstrated negligible to low levels of constitutive Bmp-4 secretion from esophageal stromal cells. We were then interested in whether the conditions that had elicited an increase in IL-6 secretion (acidified media, IL-1␤) would also increase Bmp-4 secretion. We did not observe a significant increase in either Bmp-4 mRNA expression or protein secretion in esophageal stromal cells treated with pH 4 acidified media for up to 60 min (data not shown). We also did not observe a significant increase in Bmp-4 secretion in response to treatment with IL-1␤ (data not shown) after 24 h.
Esophageal stromal cells increase Bmp-4 secretion in re-
sponse to SHH. Finally, in a study evaluating Barrett's metaplasia, treatment of HET-1A squamous epithelial cells with pH 4 acidified media resulted in an increase in mRNA expression of SHH, and transgenic expression of SHH resulted in an increase in stromal expression of . These findings suggested that treatment with SHH could induce secretion of Bmp-4 in our primary cultures of esophageal stromal cells. In response to treatment with 1.5 g/ml SHH for 24 h, a small but significant increase in Bmp-4 secretion was detected after 48 h (Fig. 13) .
DISCUSSION
We have established primary cultures of nonhematopoietic, nonendothelial esophageal stromal cells that have characteristics often ascribed to myofibroblasts: spindle-shaped morphology, abundant ␣-SMA and vimentin expression, minimal desmin, and absent cytokeratin expression. Immunostaining of these esophageal primary cultures demonstrates ␣-SMA and vimentin coexpression, suggesting isolation and culture of a relatively homogeneous-appearing population. Given that our isolation methods consisted of mechanical and enzymatic di- Fig. 9 . Esophageal stromal cells increase inflammatory marker mRNA expression in response to acid. Primary cultures of esophageal stromal cells were established from C57BL/6 mice, and mRNA expression of inflammatory markers (KC, a murine homolog of IL-8) and cyclooxygenase-2 (Cox-2) in response to treatment with media acidified to pH 4 was evaluated. Cells were treated with media acidified to pH 4 for 30 or 60 min, and mRNA expression of KC and Cox-2 was evaluated after 3, 6, and 24 h. A: esophageal stromal cells treated for 30 min have a 2-fold increase in KC mRNA at 24 h. Cells treated for 60 min have a 7-fold increase in KC mRNA expression at 3 h, a 5-fold increase at 6 h, and a 2-fold at 24 h. B: esophageal stromal cells treated for 30 min have an 4-fold increase in Cox-2 mRNA at 3 h. Cells treated for 60 min have an 11-fold increase in Cox-2 mRNA at 3 h and a 6-fold increase at 6 h. *P Ͻ 0.05 vs. control. gestion of the whole esophagus, however, it is more likely that our primary cultures are not homogeneous populations but rather a somewhat more heterogeneous population consisting of myofibroblasts, fibroblasts, and smooth muscle cells. The variability in absolute mRNA levels of BMP-4 and -2 across esophageal primary stromal cell cultures likely reflects the heterogenous nature inherent to primary cultures vs. clonal cell lines (6) . The lack of cell surface-specific markers of myofibroblasts and fibroblasts limits the use of techniques such as fluorescence-activated cell sorter analysis often used to sort pure cell populations. Optimal characterization of the subsets of nonhematopoietic, nonepithelial esophageal stromal cells may ultimately be best accomplished by high-throughput RNA transcriptional profiling of clonally derived cell lines. Our in vitro characterization suggests, however, that the cells established in primary culture at least partially reflect the ␣-SMAand vimentin-expressing spindle-shaped stromal cells observed in histological sections of murine esophagus. Furthermore, compared with clonally derived cell lines, primary cultures may better reflect the in vivo function of these cells (6) . We elected therefore to continue our studies with these primary cultures.
We observed that primary cultures of these esophageal stromal cells have an increase in mRNA expression of KC and Cox-2 and an increase in IL-6 expression and secretion in response to treatment with injurious luminal agents (acidified media) and cytokines elaborated by squamous epithelium as well as neighboring immune cells (IL-1␤) . The IL-6 secretion patterns observed in cells treated with acidified media were consistent with the observed increase in IL-6 mRNA expression. The significant increase in IL-6 secretion at 24 h in response to treatment with 30 min of acidified media reflects the increase in IL-6 mRNA at the 3-and 6-h time points. Similarly, the more profound increase in IL-6 secretion in response to 60 min of acidified media at 6 and 24 h reflects the greater fold increase in IL-6 mRNA expression at all time points (Fig. 10, A and B) . Our results suggest that the esophageal stromal cells respond to acidic injury acutely with an increase in expression of inflammatory mediators as early as 3 h. This response is sustained, with an increase in KC and IL-6 mRNA and IL-6 secretion observed up to 24 h after exposure to acidified media (Figs. 9A and 10 ). The lack of persistent increase in Cox-2 ( Fig. 9B ) reflects the known instability of Cox-2 mRNA (5).
The participation of cytokine-stimulated human esophageal nonepithelial cells in mediating esophageal motor abnormalities via IL-1␤ and IL-6 secretion has been reported previously (19) . Cells used in these previous studies, however, were termed fibroblasts based on isolation technique and morphological appearance in culture, and functional studies were limited because of the number of available cells. Our findings demonstrate that stromal cells with myofibroblast-like characteristics in the esophagus are sources of inflammatory mediators, and therefore likely participants in acid-induced injury.
Reactivation of the Bmp and hedgehog developmental pathways have also been implicated in the pathogenesis of esoph- In response to 30 min of treatment with acidic media, there is a 5-fold increase in IL-6 mRNA at 3 h and a 6-fold increase at 6 h. In response to 60 min of treatment with acidic media, there is a 47-, 48-, and 13-fold increase in IL-6 mRNA at 3, 6, and 24 h, respectively. B: IL-6 secretion is increased from esophageal stromal cells treated with pH 4 acidified media for 30 and 60 min. Constitutive secretion of IL-6 was detected at the lower enzyme-linked immunosorbent assay (ELISA) detection limit (9 pg/ml) from untreated esophageal stromal cells. Cells treated with acidified media for 30 min secrete 14 pg/ml IL-6 at 24 h (*P Ͻ 0.05 vs. control). Stromal cells treated for 60 min secrete 14 and 29 pg/ml IL-6 at 6 and 24 h, respectively. IL-6 secretion after allotted incubation times was quantified in media by ELISA as described in MATERIALS AND METHODS. IL-1␤ (100, 5 ,000, and 10,000 U/ml) for 24 h (R&D), and IL-6 secretion was evaluated by ELISA. IL-6 secretion (142 pg/ml) was maximal in response to 5,000 U/ml IL-1␤ (*P Ͻ 0.05).
agitis and BE. During ontogeny, Bmp signaling is necessary for conversion of the simple columnar epithelium of the murine embryo to a stratified squamous epithelium and for suprabasal cell differentiation (17, 20) . Bmp-4 expression has been shown to be increased in reflux esophagitis (14) as well as in BE (27) . Studies have suggested a stromal source of Bmp-4 in ontogeny (20) , in esophagitis (14) , and BE (27) although the cellular source(s) of Bmp-4 has not been delineated. The Bmp pathway has also been implicated in the transformation of normal esophageal squamous cells into columnar cells (14) , possibly through Cdx2 activation (2 (Fig. 13) . Overall, our data support the role for esophageal stromal cells in the pathogenesis of esophageal mucosal disorders. Traditionally, it has been suggested that prolonged mucosal contact with injurious luminal agents results in a direct chemical injury to the surface squamous epithelium. Injury then progresses into the lamina propria and ultimately results in surface cell death, and necrosis that is followed by basal cell proliferation (12) . Both human and animal models have demonstrated alterations in apical junctional complexes in the esophageal epithelium along with dilated intercellular spaces (15), a sensitive but nonspecific marker of GERD. In the setting of chronic reflux, therefore, underlying stromal cells can be exposed to injurious luminal agents and participate in mediating the injury response (15) .
There is also evidence, however, that direct acid contact or caustic injury to the squamous epithelium results in stimulation of squamous cell chemokine secretion and recruitment of activated immune cells. Immune cell cytokine secretion is in turn primarily responsible for the inflammatory response and for inflicting further epithelial injury (22) . Numerous inflammatory mediators have been implicated in human and animal models of esophagitis, including IL-1␤, IL-6, IL-8, and platelet-activating factor (9, 8, 12, 18, 19) . IL-6 has also been implicated in the pathogenesis of BE (3, 28) . We focused our investigation on secretion of this pleiotropic cytokine from stimulated stromal cells given its relatively greater expression Bmp-4 (pg/ml) in conditioned media 0 µg/ml SHH 1.5 µg/ml SHH Fig. 13 . Treatment of esophageal stromal cells with sonic hedgehog (SHH) increases Bmp-4 secretion. Esophageal stromal cells seeded in 12-well plates were grown to 70% confluence and then incubated with recombinant mouse SHH NH2-terminus (1.5 g/ml; R&D) diluted in serum-free media for 24 h. Media were then replaced, and conditioned media were collected at 24 and 48 h. Bmp-4 levels were quantified by ELISA (Bmp-4 duoset; R&D). At 48 h, 14.2 pg/ml Bmp-4 (*P Ͻ 0.05) were detected in conditioned media.
compared with the other examined inflammatory mediators. Broader evaluation of esophageal stromal cell cytokine secretion into the inflammatory mileu in acid-related disorders is warranted. Our data support the suggestion that esophageal stromal cells with characteristics of myofibroblasts are active participants in the esophageal inflammatory response at least partially via secretion of IL-6 (18, 19) . These cells are responsive to luminal sources of injury (acid) as well as to inflammatory cytokines and mediators (IL-1␤) thought to originate from the overlying squamous epithelium and surrounding immune cells. Our observation that esophageal stromal cells are a source of Bmp-4 supports further investigation of these cells in the pathogenesis of BE.
The majority of research on the mechanisms underlying gastroesophageal reflux-induced injury and its complications has focused on the epithelium and only more recently on delineating the contribution of traditional immune and mesenchymal cells. Esophageal stromal cells may contribute to the reactivation of developmental and inflammatory pathways implicated in erosive esophagitis and BE, as reviewed previously (23) . Furthermore, the location of these cells and their biological functions demonstrate their potential role in regulating esophageal epithelial responses to injury and repair. Current diagnostics and therapeutics are primarily aimed at the epithelial injury response. Understanding the stromal contribution to esophageal epithelial injury offers a new perspective for therapeutic targets in esophageal diseases with major morbidity and mortality.
